though the parental strain multiples in large vacuoles inside MDCK cells that distort the host cells, MODCK cells infected with the Repo mutants appeared relatively normal and few bacteria were seen inside vacuoles. The purine auxotrophs and the three prototrophic RepF mutants were highly attenuated in mice, and oral and intraperitoneal LDN levels were 3 to 4 orders of magnitude higher than the wild type level. The three prototrophs were invasive and persisted in the murine organs such as livers and spleens for at least 3 weeks. Therefore, these prototrophic genes are needed for intracellular replication and are essential to the virulence of S. typhimurium.
Many pathogenic bacteria and intracellular parasites grow inside a membrane-bound vacuole within infected host cells, including Chlamydia trachomatis, Coxiella burnetii, Legionella pneumophilua, Leishmania donovani, Mycobacterium tuberculosis, Salmonella species, Plasmodium lophurae, and Toxoplasma gondii (1) . After a pathogen enters a host cell, it must not only survive in the intracellular environment but also exploit the resources of that environment for successful growth. Although some of the mechanisms utilized by these pathogens to survive within host cells have been studied (2, 3) , mechanisms necessary for intracellular replication have not been identified for any of these pathogens. Salmonella species gain access to their host by penetrating through intestinal epithelial cells (4) and surviving within phagocytic cells (5) . They also grow inside vacuoles ofcultured epithelial cells (6, 7) . We report here the identification of several different mutants of Salmonella typhimurium that enter and survive but cannot replicate inside epithelial cells, yet have normal rates of extracellular growth. In contrast to the parental strain, these replication-defective (Rep-) mutants are completely avirulent in the mouse typhoid model, suggesting that special loci are needed to multiply inside host cells that are essential for Salmonella virulence.
MATERIALS AND METHODS Bacterial Strains. S. typhimurium SL1344 is virulent to mice and resistant to streptomycin (8) . S. typhimurium 1T10288 (hisD9953::MudJ hisA9944::MudI) was used for constructing Rep-mutants from SL1344 (9) .
Media. Luria broth (10) and M9 minimal medium (10) were used. Carbon sources such as glucose, glycerol, citrate, or acetate were added to the M9 minimal medium to a final concentration of 0.2%. For limiting calcium or magnesium conditions, CaCl2 or MgSO4 was omitted from the M9 minimal medium, respectively. When appropriate, medium was supplemented with 25 Jug of streptomycin and 50 pug of neomycin per ml.
Cell Cultures. All tissue culture reagents were obtained from GIBCO. Strain I Madin-Darby canine kidney (MDCK) (11) , Caco-2 (ATCC-HTB37), and HeLa (ATCC-CCL2) cells were used between passage 18 and 50. Cells were grown in Eagle's minimal essential medium (MEM) with Earle's salts and 10%o (vol/vol) fetal calf serum at 370C in an atmosphere containing 5% CO2 (6, 7). Cells were grown in 75-cm2 flasks, split twice a week by washing in phosphate-buffered saline (PBS), treated with trypsin tr, and diluted 1:5 in fresh MEM. Invasion and intracellular replication assays were set up by seeding 1 x 101 cells into each well ofa 24-well microtiterdish and incubating overnight.
Macrophages. Macrophages were derived from BALB/c mice obtained from Charles River Breeding Laboratories and were cultured in Dulbecco's minimal essential medium containing 10%1 fetal calf serum (DMEM). Proteose peptoneelicited macrophages were harvested 3 days after elicitation with 1.5 ml of 10%1 proteose peptone (12 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
repeated three times to enrich the proportion of Rep-mutants in the population of 45,000 SL1344::MudJ mutants.
Invasion and Intracellular Replication Assays. These assays were performed as described before (14) . Five microliters of overnight-standing bacterial cultures were added to cell culture monolayers and incubated for 2 hr at 370C in a 5% C02-containing atmosphere. Monolayers were washed three times with PBS and then incubated another 2 hr in fresh MEM containing 100 pug of gentamicin per ml. This treatment kills extracellular bacteria but does not affect viability of intracellular organisms. Monolayers were washed thrice with PBS and then lysed with a 1% Triton X-100 solution. Appropriate dilutions were spread onto L-agar plates, and colony-forming units (cfu) were counted to calculate the invasion level. The intracellular replication was assayed as described above with the following modifications. Instead of treating the cells with detergent after gentamicin treatment, the monolayers were washed with PBS, and fresh MEM containing 10 pug of gentamicin per ml was added to inhibit any remaining growth of the extracellular bacteria. This medium was removed after incubation for the appropriate time, the monolayers were lysed with Triton X-100, and bacteria were assayed as described for invasion assays.
Growth Study in Mouse Peritoneal Cavity. Bacteria were grown overnight in Luria broth, washed, and diluted to about 5 x 103 cfu 100 in PBS and placed in 1-cm capsules with a 0.25-pum Millipore filter glued on both ends (15) . Capsules were implanted into the peritoneal cavity of mice and incubated for 24 hr as described (15) (17) . Survival levels were reported as the ratio of cfu to the initial inoculum ± SD after incubation for 1.5 and 5.5 hr. Values are fold increase of cells over the initial inoculum. tBacteria were grown as described (15) , and growth was reported as the ratio of the initial inoculum (which is incubated) after 24 hr ± SD. *Intracellular replication assays were performed as described (16 1After 24 hours of infection, the parental strain SL1344 lysed and disrupted most of the MDCK cells, and bacteria were released extracellularly.
This population would be removed during the washing step and not counted, and thus the 16-fold increase is an underestimate.
Proteose peptone-elicited macrophages were harvested 4 days after elicitation with 0.5 ml of 10%1 proteose peptone (12) . Survival levels reported are the ratio of the internalized bacteria that were viable after a 0. (Table 1) , human cervix HeLa, and human intestinal Caco-2 cells at rates similar to the parental strain, indicating that their abilities to enter these epithelial monolayers were normal. However, the numbers of intracellular bacteria of the Repmutants did not increase over time in these epithelial cell lines in contrast to the parental strain SL1344, which increased at least 16-fold after 24 hr inside epithelial cells ( Fig. 1 and Table  1 ). The lack of intracellular growth of the Rep-mutants was not due to increased susceptibility to gentamicin because the minimal inhibitory concentration of this drug was identical for the Rep-mutants and the parental strain. The Repmutants all survived at rates similar to the parental strain inside elicited mouse macrophages ( Table 1 ), indicating that these mutants are not defective for survival within phagocytic cells. This is in contrast to several avirulent mutants of S. typhimurium that do not survive within inflammatory macrophages, yet are capable of multiplying inside Caco-2 epithelial cells (17, 18) . Thus, these Rep-mutants separate genetically the processes of intracellular survival and intracellular replication.
Monolayers of MDCK cells were infected and then stained with Giemsa to examine the intracellular location and replication ability of these Rep-mutants. At early times (4 hr), most cells infected with either the mutants or the parental strain contained a single or a few bacteria. After incubating infected MDCK monolayers for 24 hr with gentamicin (which limits extracellular bacterial growth), the parental strain increased significantly in numbers inside cells, often occupying much of the host cell cytoplasm ( Fig. 2A) . In some cases the MDCK cells were disrupted and lysed. However, monolayers infected with Rep-mutants for 24 hr exhibited little evidence of cytotoxicity and, in contrast with cells infected with the parental strain, the density of the bacteria inside epithelial cells remained constant ( Fig. 2 B and C) , confirming the inability of these mutants to replicate inside cells. Auxotrophy Can Be Reversed. Because the tissue culture medium used during the selection of these mutants contained no added purines or pyrimidines, the mutants were tested for intracellular replication with and without these nutrients. When the appropriate nutrient (i.e., purine for 22-11, pyrimidine for 6-1) was added to the tissue culture medium, the auxotrophic Rep-mutants replicated inside cells at rates similar to the parental strain (see 22-11+ in Fig. 1 (20) , the mutants and parental strain had the same requirements for iron.
Two of the prototrophic Rep-mutants had unusual characteristics. Strain 12-23 was more sensitive to complement than the others (Table 1) , although it was able to grow in heat-inactivated serum (560C for 30 min). This strain had a rough colony morphology and was resistant to P22 phage but still reacted with the anti-01,4,5,12 antigen antiserum, suggesting that its lipopolysaccharide (LPS) structure was altered but still retained LPS antigens. Defects in LPS structure are known to increase complement and serum sensitivity (21) ]. Strain 17-21 reached stationary phase slightly earlier when grown in Luria broth and M9 minimal medium, and the Proc. Natl. Acad. Sci. USA 88 (1991) *.0".""
.1" phenotype of 3-11 was identical to the parental strain in all parameters tested (Table 1) .
In Situ Growth Study. Since the prototrophic Rep-mutants could grow extracellularly in laboratory media under aerobic and anaerobic conditions yet did not replicate intracellularly in tissue culture cells, we wanted to confirm that these mutants could still multiply extracellularly in mice. These mutants (with the exception of strain 12-23, which is serum sensitive because of a LPS defect) survived and grew in freshly isolated rabbit serum (Table 1) . Each mutant was also washed, sealed inside a permeable capsule, implanted in the peritoneal cavity of mice (15) , and titrated 24 hr later for growth. Rep-mutants 3-11 and 17-21 both grew in situ at the same rate as the parental strain ( Table 1 ), indicating that these mutants are able to grow extracellularly within the tissues of the host. Rep-mutant 12-23, because of its LPS defect and resultant serum sensitivity, did not increase to the same extent ( Table 1 ). The purine auxotrophic mutant 22-11 survived in this environment but increased only slightly in numbers (Table 1) , presumably because of the lack of purine nutrients in the body fluid (22) .
Rep-Mutants Are Avirulent in Mice. Animal studies using the murine typhoid model (16, 17) were used to determine whether the three prototrophic Rep-mutants were virulent in this host. These mutants (3-11, 12-23, and 17-21) and the purine auxotrophic Rep-mutant 22-11 were completely avirulent in mice, with the LD50 of these mutants being at least 3 to 4 orders of magnitude greater than the wild type when challenged orally or i.p. (Table 1 ). Purine mutants in S. typhimurium are known to be avirulent, since the appropriate metabolites are not present in sufficient amounts inside animals (22) . [Full virulence of purine mutants can be restored by the injection of specific growth factors such as adenine or hypoxanthine into the host (23) trophic Rep-mutants such as the pyrimidine (6-1) and isoleucine/valine mutants were as virulent as the parental strain (Table 1) , since the required growth factors for these mutants are present in adequate amounts inside the host (22) . We have demonstrated previously that a Repmutant of Salmonella choleraesuis, 96cB, was attenuated in mice when infected orally or intravenously (24) , although this mutant had a slow extracellular growth rate hindering interpretation of that study. The fact that all three prototrophic mutants reported here were avirulent and able to grow in situ in mice strongly argues that intracellular replication is an important virulence factor for Salmonella species and perhaps other intracellular parasites.
Infection Kinetics of Rep-Mutants in Mice. Since the three prototrophic (3-11, 12-23, and 17-21) Rep-mutants were attenuated in mice, we examined their infection kinetics in BALB/c mice to determine if they reached the liver and spleen. Purine auxotroph 22-11 was included, as its infection kinetics were similar to the aroA mutants SL3261 (25) .
Twenty-four hours after oral infection with 2.0 x 109 cfu, similar bacterial counts were found among the Rep-mutants and their parental strain in mesenteric lymph nodes, livers ( Fig. 3 Upper Right), and spleens ( Fig. 3 Upper Left), indicating that they are invasive and can reach these organs. The parental strain SL1344 continued to grow in these tissues, increasing by 4 orders of magnitude in both the liver and spleen by day 3 and killing the host on day 7 (Fig. 3 Upper). In contrast, only 2 orders of magnitude (strain [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] or slight increases (strains 3-11 and 17-21) in bacterial counts were found among the mutants in the murine tissues (Fig. 3 Upper). All Rep-mutants persisted in the livers and spleens for at least 3 weeks, and the hosts remained active with no sign of systemic infection. Administration i.p. of Rep-mutants (1.5 x 105 cfu) exhibited similar results, although more bacteria were found in spleens (Fig. 3 Lower Left) and livers ( Fig. 3 Lower Right) after post infection day 1 when administered i.p., probably because of a more direct route of infection. Mutant 12-23 had less bacteria in the murine organs initially, probably because of its serum-sensitive phenotype. The parental strain SL1344 continued to grow in the tissues and killed the mice by day 5. The Rep-mutants did not increase in numbers in the liver or spleen (Fig. 3 Lower) but persisted inside the murine tissues for at least 21 days. Since these three prototrophic Repmutants persisted in murine tissues and were avirulent, these strains may be useful as attenuated live vaccine delivery systems similar to purine and aroA Salmonella strains (26) . These mutations may also provide an alternate method to further attenuate existing Salmonella strains, providing safer vaccine strains.
Since S. typhimurium multiply inside the vacuole of the host cells, it is conceivable that they modify the vacuole membrane in some manner that allows them to extract their growth requirements from the host cell cytoplasm. There is precedence for this, as this has been reported for several parasites such as Plasmodium lophurae, and Chlamydia. The vacuole membrane surrounding these parasites grows proportionally as the parasites multiply (similar to S. typhimurium) and actively participates in the uptake of nutrients (1, 27, 28) . Alternatively, S. typhimurium may produce special factors that scavenge nutrients from the host.
We have demonstrated here that at least three nonauxotrophic loci in S. typhimurium are required for growth inside epithelial cells but are not required for extracellular growth and do not alter survival ability within phagocytic cells. Most importantly, these loci are essential for virulence in mice, suggesting that S. typhimurium must grow intracellularly during some stage of its pathogenesis. This is in contrast to the arguments presented in a recent review by Hsu (29) , which proposed that S. typhimurium should not be considered a facultative intracellular parasite based on the observation that it does not readily grow inside phagocytic cells. The results presented here suggest that intracellular growth ofparasites is indispensable and is an adaptation that requires special genes in addition to those needed for extracellular growth. Identification and characterization of similar genes in various intracellular pathogens will lead to a better understanding of how these parasites function inside host cells and may lead to new ways to treat infections caused by these organisms.
